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Experimental investigation of cutting forces and vibrations
during finish milling of SKD11 steel with parallelogram-shaped
inserts
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Abstract

This study presents an experimental investigation of cutting forces and vibrations during finish milling of SKD11
steel using an indexable milling cutter with parallelogram-shaped inserts. A theoretical framework describing
geometric modeling, cutting force generation, and machining vibrations is briefly introduced to support the
analysis of the machining process. Controlled experiments were conducted to examine the effects of cutting
speed, feed per tooth, axial depth of cut, and radial depth of cut on cutting force and vibration amplitudes. The
results indicate that cutting parameters influence cutting forces and vibrations to different extents. The axial
depth of cut is identified as the dominant factor affecting cutting force amplitude, whereas cutting speed has
the most significant impact on vibration amplitude. Quadratic regression models were developed to describe
the relationships between cutting parameters and the response variables, and the models were successfully
validated using experimental data. Directional analysis reveals that the cutting force amplitude is highest in the
X-direction, while the vibration amplitude reaches its maximum in the Y-direction. Although variations in cutting
force amplitude lead to corresponding changes in vibration amplitude, their variation trends are not identical due
to the complex dynamic behavior of the machine-tool system.

Keywords: Finish milling; cutting forces; machining vibrations; SKD11 steel; parallelogram-shaped inserts; milling
dynamics.

Tom tat

Bai bao trinh bay nghién cru thwc nghiém lwc cét va dao dong trong qua trinh phay tinh thép SKD11 bang dao
phay gan ménh cét hinh binh hanh. Thyc nghiém duwoc thuc hién nhdm danh gia anh hwéng cta van tbc cét,
lwong tién dao vong, chiéu sau cét doc truc va chiéu sau cit hwéng kinh dén bién dd lwc cat va dao dong. Két
qua cho thay cac thong sb ché do cat cé mirc dd anh hudng khac nhau, trong dé chiéu sau cét doc truc anh
hwéng I&n nhat dén bién dé lwc cét, trong khi van tdc cat &nh huwéng nhiéu nhat dén bién d6 dao dong. Bién do
lwc cét va dao dong dwoc md hinh héa bang cac ham hdi quy bac hai va duwoc kiém chirng béng thwe nghiém.
Phan tich theo cac phwong cho thay bién dd lwc cét Ién nhat theo phuong X, con bién dd dao déng I&n nhat theo
phwong Y. M&c du ton tai mbi quan hé gitra bién dd lyc cét va dao ddng, xu huwéng bién thién ctia ching khoéng
hoan toan giéng nhau.

Tir khéa: Phay tinh; luc cat; dao dong; thép SKD11; ménh cét hinh binh hanh; dong luc hoc qué trinh phay.

1. THEORETICAL FOUNDATIONS edges and the workpiece leads to chip formation,
as depicted in Fig. 2. As a result, cutting forces and
vibrations are generated along three orthogonal
The milling process employing a cutter equipped with  gjrections: the feed direction (X-direction), the direction

parallelogram-shaped inserts is illustrated in Fig.1.  perpendicular to the feed direction (Y-direction), and
During machining, the interaction between the cutting  the axial direction (Z-direction).

1.1. Geometric model of the machining process

Reviewers: 1. Dr. Vu Van Tan
2. Assoc.Prof.Dr. Ngo Huu Manh
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Figure 1. Milling process model [1]

Figure 2. Chip formation model
a. Tool; b. Insert; c. Workpiece; d. Chip

1.2. Cutting forces in finish machining

Through coordinate transformation, the cutting force
components in the X-, Y- and Z-directions of the global
coordinate system are determined according to Eq.(1)

(1].

dF,, —cos@, —sing,sind, —cosg,sind, | dF;

dF, (=| sin@, -—sing,sind, —cosg,sind, || dE; | (1)

dE, 0 cos @y, —sing;, dE,
Where:

P, is the angle between the differential cutting edge
and the XY plane, and is determined according to

Eq.(2) [1]-
Z,+7Z.

¢, = arctan =L b (2)
Rjk +Rjk+1

By integrating along the axial depth of cut and summing
over all cutting inserts, the resultant cutting forces
acting on the cutter for a given angular position can be
expressed as follows [2]:

f z
FX Zj\l 1ZN dFX'
F, |=| 23 dF, 3)
Nf
Z j=1 k=1dFij

Res IS

LIEN NGANH CO KHI - PONG LUC

In matrix form, the cutting forces are determined
according to Eq.(4) [2].

K (a"" any[ij
tc
a, a, J\4, 4)

1 . (axx axy) (Ax)
t
pKc ayy Ay \4y

(=)

It can be observed that the cutting forces in the milling
process depend on the following factors:

a : Axial depth of cut.

K. Tangential cutting force coefficient.

Where:
K.: Cutting force coefficient;
K..- Normal cutting force coefficient;

0, Instantaneous cutting angle of the cutter relative to
the vertical direction;

N_, N, N: Are the coefficients.

1.3. Vibrations in machining processes

During CNC milling operations, cutting forces and
vibrations are governed by the same set of governing
equations, as expressed in Equation (5) [1, 2].

dF,;(6,2)=K,dz+K h,(0,(Z))dz
dF,,(6,Z) =K, dz+K h;(0,(Z))dz (5)

rcj
dF,;(6,2) =K, dz+K h (6,(Z))dz

acj

Where h(6,(2)) is the chip thickness

The cutting forces in milling are modeled and
calculated using Equation. When the chip thickness is
assumed to be static, the resulting force corresponds
to the static cutting force. Conversely, when dynamic
chip thickness is considered, the resulting force
represents the dynamic cutting force. In this study, the
chip thickness hj(ej(Z)) is defined as the dynamic chip
thickness, which comprises the static chip thickness,
the additional chip thickness induced by tool runout,
and the component arising from the dynamic structural
behavior of the machine tool. Accordingly, the dynamic
chip thickness is calculated using Equation (6) [1, 2].

h;(6,(2)) =1,(6,(Z))+hoou (6,(2))+10s (6,(2))  (6)

The miling process is inherently dynamic.
Consequently, vibrations of the machine tool in the
X- and Y-directions, induced by its dynamic structural
behavior, are calculated using Eq.(7).

Tap chi Nghién ctru khoa hoc, Truomg Dai hoc Sao Do, S6 2 (94) 2026 45
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m, x(t)+cx(r)+kx=F (¢)
m, y(t) +e,3 (1) +k,y =F, (t)

m, z(¢)+c,z(t)+k,z=F, () 7)

m,X(t) + ¢, X(t) + kyx = F (t)
myy(t) + cyy(t) + kyy = Fy ()
m,Z(t) + c,z(t) + k,z = F, ()

Vibrations in the milling process depend on numerous
factors, including:
f(t) is the feed rate.

0 is the instantaneous cutting angle of the cutting tool
relative to the vertical direction.

Where: K, K , K__ are the cutting force coefficients in
the tangential, normal, and axial directions with respect
to the chip.

Where: K, K, K, are the cutting force coefficients in
the tangential, normal, and axial directions with respect
to the workpiece.

Where: F, F, F_ are the cutting forces in the tangential,
normal, and axial directions with respect to the
workpiece.

Where: F, Fy, F, are the cutting forces in the X-, Y-and
Z-directions.

Where: K, Ky, K, are the stiffnesses along the X-, Y-
and Z-axes, respectively.

Where: C, Cy, C, are the damping coefficients along
the X-, Y-, and Z-axes, respectively.

Where: W, Wy, W, are the natural frequencies along
the X-, Y-, and Z-axes, respectively.
2. EXPERIMENTAL STUDY

2.1. Experimental Model

Machine Spindle

Vibration Sensor

T

Force Dynamometer

Machine Table

|
Figure 3. Experimental setup

a. Tool; b. Workpiece; c. Force sensor;
d. Vibration sensor

The experimental setup, designed in accordance with
the research objectives and input-output parameters,
is illustrated in Fig.3. The experiments were conducted
on a CNC milling machine. Cutting forces and
vibrations were selected as output responses and
measured using a three-component force sensor (X, Y,
Z) mounted on the machine table to capture the forces
acting on the workpiece during the cutting process.

2.2. Cutting force dynamometer

AKistler Type 9139AA three-component dynamometer
(Kistler, Switzerland) was employed to measure
the cutting force components Fx, Fy, and Fz, with a
measurement range of +3 kN. The acquired force
signals were collected and processed using a 3160-B-
042 data acquisition system connected to a computer
running DynoWare software. A schematic of the cutting
force measurement system is presented in Fig. 4.

Figure 4. Cutting force dynamometer

a. CNC milling machine; b. Three-component force
sensor; ¢. Data acquisition and processing system;
d. Computer and data processing software

2.3. Vibration measurement system

Data acquisition was performed using a LAN-XI module
(Briel & Kjeer, Denmark) featuring four input channels
and two output channels, with a sampling frequency
of 51.2 kHz. Signal analysis was carried out using the
PULSE FFT 770 module (1-3 channels) and PULSE
FFT Analysis software, also provided by Briel & Kjeer.

:E-L__.mg"

Figure 5. Vibration measurement equipment from
Bruel & Kjaer, Denmark

a. Spindle; b. 3-axis vibration sensor; c. Data
acquisition and processing unit; d. Computer with

analysis software

46 Tap chi Nghién ctru khoa hoc, Trudng Dai hoc Sao Do, S6 2 (94) 2026



2.4. Experimental Design Matrix

Table 1. Taguchi orthogonal array L, (3*)

LIEN NGANH CO KHI - PONG LUC

Ve ft a b
i X X2 X3 x4 [mm/min] [mm/rev] [mm] | [mm]
1 -1 -1 -1 -1 80 0.05 0.1 4
2 -1 -1 0 0 80 0.10 0.1 8
8 -1 1 0 0 80 0.10 0.5 8
9 -1 1 1 1 80 0.15 0.5 12
10 0 -1 -1 1 140 0.05 0.1 12
11 0 -1 0 -1 140 0.10 0.1 4
17 0 1 0 1 140 0.10 0.5 12
18 0 1 1 -1 140 0.15 0.5 4
19 1 -1 -1 -1 200 0.05 0.1 4
20 1 -1 0 0 200 0.10 0.1 8
26 1 1 0 0 200 0.10 0.5 8
27 1 1 1 1 200 0.15 0.5 12
Table 2. Summary table of experimental results
e Ve ft a b AF, AF, AF, A, A, A,
[mm/min] [mm/rev] | [mm] | [mm] [N] [N] [N] [um] [pm] [um]
1 80 0.05 0.1 4 72.8 39.46 68.1 0.0045 | 0.0084 0.0039
2 80 0.10 0.1 8 198.2 54.10 164.6 0.0046 | 0.0082 0.0042
8 80 0.10 0.5 8 459.46 128.48 | 218.48 | 0.0053 | 0.0094 0.0045
9 80 0.15 0.5 12 348.16 | 219.67 | 178.04 | 0.0054 | 0.0114 0.0042
10 140 0.05 0.1 12 52.53 40.18 67.41 0.0079 | 0.0138 0.0062
11 140 0.10 0.1 4 80.44 24.20 82.99 0.0081 | 0.0122 0.0063
17 140 0.10 0.5 12 321.32 166.55 | 179.63 | 0.0081 | 0.0129 0.0067
18 140 0.15 0.5 451.87 88.88 230.84 | 0.0081 | 0.0135 0.0069
19 200 0.05 0.1 73.36 28.11 94.42 0.0098 | 0.0215 0.0065
20 200 0.10 0.1 8 210.6 19.36 170.22 | 0.0105 | 0.0212 0.0069
26 200 0.10 0.5 8 74479 | 181.80 | 377.61 | 0.0095 | 0.0201 0.0077
27 200 0.15 0.5 12 649.3 288.49 | 261.38 | 0.0104 | 0.0227 0.0083

3. EXPERIMENTAL RESULTS AND EVALUATION
3.1. Influence of cutting parameters on cutting forces

Intercooled Stata 8.2™ (USA) was employed to
analyze the experimental results and to develop
regression models for cutting force amplitudes in the
X-, Y- and Z-directions. The resulting models exhibited
very high coefficients of determination R? > 95%, with
values of 95.86%, 96.63% and 96.03% for the X-, Y-
and Z-direction force amplitudes, respectively [3].

Figure 6 illustrates the effects of cutting parameters
on cutting force amplitudes during finish milling with a
parallelogram-insert cutter. The results indicate that, in
all three directions (X-, Y- and Z-), increases in cutting
depth (both axial and radial) and feed rate generally
lead to higher cutting force amplitudes. However, the
influence of feed rate on force amplitude is relatively
small. The magnitude of the force amplitude increase
varies among directions, with the most pronounced
increase observed in the X-direction.

Tap chi Nghién ciru khoa hoc, Truomg Dai hoc Sao Do, S6 2 (94) 2026 | 47



NGHIEN CUU KHOA HOC

Ve 140 i), bed . Ve = 140 mimin), bes mm Ve =140 [mimin, be12 mm

R
\\\\\\\
\\\‘\\\\\\\\\

\\ \
\\\\\\\\‘\\\\

QR
\\\\\\\\Q
\\ \\\\
\\\\\\\\ \
\ s\\\\\\\ \\\
TN \\\\\\\\\\\\\\\\\ -

N

W\
\Y
\ \\\\\
N - QN
\\\\ \\\\\\ \ QX
AR \\\\\\\\\\\
N

\\
\\ \\\ \\\\\\

\
N \\\‘\

NK

e

it

Ve =140 [mimin, bed Ve =140 [mimin, be12 mm

A

ainm)

Ve = 140 i), b=4 mm Ve 140 (mimin, b=12 mm.

afm)

Figure 6. Effects of cutting parameters on cutting
force amplitudes during finish milling with
parallelogram inserts

3.2. Influence of cutting parameters on vibrations

Intercooled Stata 8.2™ (USA) was employed to analyze
the experimental results and to develop regression
models for vibration amplitudes in the X-, Y-, and
Z-directions. The resulting models exhibited excellent
goodness-of-fit, with coefficients of determination (r?)
exceeding 97%, specifically 99.42%, 99.97%, and
97.21% for the X-, Y-, and Z-directions, respectively.
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Figure 7. Effects of cutting parameters on vibration
amplitudes during finish milling with parallelogram
inserts

3.3. Relationship between cutting forces and vibrations

Figures 8+10 illustrate the relationship between cutting
force amplitudes and vibration amplitudes in the X-, Y-,
and Z-directions. The results indicate that variations in
cutting force amplitude induce corresponding changes
in vibration amplitude in all three directions. However,
the trends of these variations are not identical. This
discrepancy can be attributed to the fact that vibration
amplitudes are governed by multiple factors, including
the frequency content of the cutting forces, the
dynamic characteristics of the machine-tool system
(such as natural frequencies, damping coefficients,
and structural stiffness), as well as cutting conditions.
Consequently, the variation trends of cutting force and
vibration amplitudes do not necessarily coincide.
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Figure 8. Relationship between cutting force
amplitude and vibration amplitude in the X-direction
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4. CONCLUSIONS

The main conclusions of this study can be summarized
as follows:

- During finish face milling with an insert cutter,
cutting parameters-including cutting speed, feed per
revolution, axial depth of cut, and radial depth of cut-
exert different degrees of influence on cutting force
and vibration amplitudes.

- The axial depth of cut has the most significant effect
on cutting force amplitude, whereas cutting speed
exhibits the greatest influence on vibration amplitude.

- Cutting force and vibration amplitudes can be
effectively modeled as quadratic functions of the cutting
parameters, and the proposed regression models were
successfully validated against experimental data.

- Cutting force amplitude is highest in the X-direction,
followed by the Z- and Y-directions, whereas vibration
amplitude is dominant in the Y-direction, followed by
the X-direction and is smallest in the Z-direction.
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- Although variations in cutting force amplitude induce
corresponding changes in vibration amplitude, their
variation trends are not identical.
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